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Introduction
This research forms part of the Dstl-sponsored and QinetiQ-led Force Protection Engineering (FPE) research programme, which investigates protective materials and structures that can be used by military fortifications designers [1] . The FPE programme is split into applied and underpinning research, where the goal of the underpinning research is to enhance the understanding of how protective materials used in FPE perform under a wide range of loading conditions.
Predicting the response of soils during blast and impact events requires an understanding of how they behave over a wide range of strain rates and ground conditions. As sand is an extremely variable granular material, the validation of a numerical model requires a comprehensive set of experimental data which takes into consideration factors such as the particle grading, shape and mineralogy, initial porosity, and saturation. In the present work the effects of strain rate and moisture content on soil response are examined for a quartz sand.
The split Hopkinson pressure bar (SHPB) is commonly used to investigate the response of soils to onedimensional compression at strain rates of 10 2 s −1 to 10 4 s −1 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In order to understand the specific strainrate effects which occur in dynamic tests such as the SHPB, quasi-static tests on the same soil can be carried out to enable a comparison, though such complementary experiments have typically only been performed to axial stresses of around 70 MPa and strains of 20% [13] . The current work presents data for quasi-static onedimensional compression with peak axial stresses of up to 800 MPa and strains of over 35%. This allows direct comparison with the accompanying SHPB results well into the 'lock up' phase of the sand response, where the stiffness increases rapidly as particle breakage and rearrangement fills the void spaces.
Strain-rate effects
While SHPB tests on sand are increasingly reported in the literature, much of the work is focused on investigating the effects of moisture content [5, 6, [8] [9] [10] [11] [12] , confinement [8, 10, 15] and initial density [15, 16] , and relatively little complete information is available specifically concerning strain-rate effects. A summary of relevant published work involving strain-rate and moisture effects in sands is presented in Table 1. SA* SR/R* − − 350 500 300 20 13 13, 23 13 − Data not reported * Estimated from data provided Table 1 : Summary of dynamic tests on sand from the literature Bragov et al. [2] tested dry, fine quartz sand using SHPB and plate impact experiments to determine the dynamic response for strain rates of 10 3 s −1 and 10 6 s −1 , and found no significant strain rate effect over that range. The relationship between the axial and lateral stresses measured in the SHPB tests were used to infer the lateral stresses in the plate impact tests. These tests characterised the sand response under dynamic onedimensional compression at axial stresses up to 3 GPa and strains over 45%.
Song et al. [3] investigated the effects of strain rate and confinement on the response of a dry, fine quartz sand. Tests using a SHPB and a quasi-static test device were used to characterise the sand response at a variety of strain rates between 8.5 × 10 −4 s −1 and 1.45 × 10 3 s −1 using a polycarbonate tube to confine the sample.
The mean results suggest that at the highest strain rate the sand was around 20% stiffer than during the slowest quasi-static tests, though the authors reported no strain-rate effect due to the large amount of scatter in the results. The SHPB tests using a polycarbonate tube were also compared with specimens confined in steel and polyolefin shrink wrap tubes, with the steel-confined samples displaying a 20% increase in stiffness and the polyolefin-confined samples having a drastically reduced stiffness.
The behaviour of dry sand at various quasi-static and intermediate strain rates has also been investigated by Baamer et al. [14] , where a hydraulic loading frame was used to compress specimens in a steel mould at strain rates between 10 −5 s −1 and 10 −1 s −1 . The authors observed a 15% increase in stiffness between the lowest and highest strain rates.
An earlier study by Farr [13] used uniaxial strain devices involving a hydraulically or explosively-driven ram to test the effect of strain rate on four partially saturated soils in the range 10 −4 s −1 to 10 3 s −1 . The soils tested were a medium carbonate beach sand, a fine/medium quartz sand, a well-graded clayey sand, and loess.
He found that all of the soils became stiffer when tested at higher rates, with increases in constrained modulus ranging from 45% for the quartz sand to 125% for the carbonate sand, and noted that for most of the soils tested much of this increase had occurred at a strain rate of 10 s −1 , with a more limited effect from a further increase in strain rate.
Moisture-content effects
Split Hopkinson Pressure Bars have been used by a number of authors to investigate the effects of moisture content on the response of sand in dynamic tests, some focusing on the effect on wave speed and stress transmission [5, 9, 10] , others on the effect on the material's stress-strain response.
Felice et al. [6] varied the moisture content of a clayey sand, performing SHPB tests at 7%, 13% and 15% moisture content after first compacting the soil to an initial density of 1.87 Mg m −3 (equating to saturations of approximately 45%, 86% and 97%). It was found that the specimen response stiffened as the moisture content increased.
Veyera et al. [11, 12] tested three sands in dry and saturated conditions, as well as several intermediate moisture contents. The sands varied in grading and angularity, though at a strain rate of 10 3 s −1 the results for all three sands indicated a reduction in stiffness in 20% saturated samples compared to the dry sand, followed by a stiffening response for saturations of 40 − 100%, with the onset of lock-up behaviour varying between sands. Tests were also carried out at a strain rate of 2 × 10 3 s −1 , but while the higher strain rate results appear to be generally stiffer, the authors noted that the data was not sufficient to make a detailed comparison.
Martin et al. [8] tested a fine silica sand by varying the moisture content at increments between 0% and 20%, and found that the specimen became less stiff as the moisture content was increased from 0 − 7% (where 7% moisture content equates to 25% saturation), and then stiffened as the moisture content continued to increase from 7 − 20%. At 20% moisture content the response was still less stiff than for the dry sand. These tests were conducted at relatively low axial stresses (15 MPa), so no lock-up behaviour was observed and the response was largely linear.
Summary of existing literature
Investigations on the effect of moisture content on sand response identify similar trends in each case, with the sand becoming less stiff up to 20 − 25% initial saturation followed by stiffening at higher saturations. Tests on partially-saturated quartz sand suggest a modest strain-rate effect in the form of increased axial stiffness between quasi-static and high strain rates. Tests on dry sand, while more mixed in their conclusions, appear to show little or no strain-rate dependence between quasi-static and high strain rates. Each of the existing studies on the effect of strain-rate were performed on either dry or partially-saturated specimens of a variety of soils, and so the current work set out to confirm whether a strain-rate dependence exists in a dry quartz sand between quasi-static and high strain rates and, if so, how it is affected by changes in moisture content.
Material properties
The material tested was a fine and medium sand, consisting of sub-rounded to sub-angular particles. The particle size distribution was assessed using a Malvern Mastersizer 3000 particle size analyser fitted with a dry Table 2 .
Test programme
The test programme comprised of 9 quasi-static and 16 dynamic one-dimensional compression tests, carried out using the mac 2T test rig and SHPB test apparatus. Specimens were tested at moisture contents of 0.0%, 2.5% and 5.0% in both the quasi-static and dynamic tests, where the moisture content, w, is the ratio of the mass of water to the mass of dry sand. A summary of the test variables is shown in Table 3 .
Quasi-static experiments
The quasi-static tests were carried out in mac 2T , the University of Sheffield's test rig for Multi-Axial Compression of Concrete at Elevated Temperatures [17] . This rig allows specimens to be tested in true multi-axial compression (σ x = σ y = σ z ) with independent control of loads or displacements in the x, y and z directions.
In each axis the load is applied by a 4 MN hydraulic actuator installed in an independent loading frame: the x-and y-axis frames are mounted on roller bearings while the vertical position of the z-axis frame is actively controlled by a fourth actuator. Applied loads and the resultant displacements are measured using three load cells rated at 4 MN and six laser interferometer units, with loads measured to an accuracy of ±4 kN and displacements measured to ±1 µm. Figure 2 shows the mac 2T rig in its unloaded state: the sand loading box is placed in the centre between the six loading platens.
Sand loading box
In its original application, mac 2T is used to test cubes of concrete under multi-axial loading conditions, where the strains involved are very small. In these tests a cube of concrete is simply placed into the test rig and, as long as the loading platens are slightly smaller than the faces of the concrete cube, the test can be carried out without the platens ever touching. In testing sands, however, leaving such gaps between the platens would allow material to escape, and so a special loading box was fabricated to contain the sand during testing.
The test box is made up of six steel blocks which can be arranged to form an interior cube, where the sand sample is placed. To assemble the box, four of the blocks are loosely bolted together using bolts, springs and washers to form a void of 50 × 50 mm cross-section, into which the remaining blocks then slide. The bolts are countersunk in oversized holes which, along with the springs, hold the box together while allowing the blocks to move slightly relative to each other. The dimensions and assembly of the box are depicted in Figure   3 , which also shows the axis convention used throughout. In the one-dimensional tests, only the x-axis blocks are actively stressed by the rig while the others are held at zero displacement so that any stresses in the yand z-axis blocks are generated passively by the x-axis loading. Because of this, the x-axis blocks are called "active" blocks, while the y-and z-axis blocks are collectively called "passive" blocks.
Quasi-static test methodology

Specimen preparation
Sand specimens were tested at a controlled initial density and at moisture contents of 0%, 2.5% and 5.0%. All sand used in the tests was first oven-dried at 100 • C for at least four hours, then sieved to break up any lumps and mixed to ensure a consistent particle size distribution. Each specimen contained 200.00 g of dry sand, to which 5.00 g or 10.00 g of water was added for a moisture content of 2.5% or 5.0% respectively, equivalent to 8.6% and 17.3% saturation at a dry density of 1.5 Mg m −3 . To ensure an even distribution of water, the sand was mixed in a metal tray by blending between two palette knives. The water lost in transferring the wet sand from the mixing tray to the test box was found to be 0.04 g to 0.08 g, which was deemed acceptable.
To provide an initial dry density of 1.5 Mg m −3 , the specimens were prepared in the following manner. The four passive blocks of the testing box were bolted together using springs and washers to allow a small amount (∼1 mm) of movement. Propping the test box on shims, one of the active blocks was inserted so that only the top face of the box was open, and the blocks were squared up to create a void of 50 × 50 mm cross section.
G-glamps were then secured on the centre of the z-axis blocks and the bottom of the y-axis blocks so that the remaining active block would just slide in freely. The test box was prepared to this point before preparing the sand specimen so that the wet specimens could be loaded immediately after mixing to prevent drying out. Each of the six platens in the mac 2T rig was fitted with a 1 mm thick steel plate coated in a 0.25 mm sheet of PTFE to reduce friction-induced restraint at the interface.
After adding the specimen to the test box, the sand surface was levelled and the remaining active block carefully lowered in, taking care not to eject any sand. The sand was then compacted using hammer drops to reach a dry density of 1.5 Mg m −3 , which was found by measuring the protrusion of the top block from the box. Following compaction, the box was carefully rotated into the correct orientation for the test, the g-clamps released, and the test box loaded into the mac 2T rig.
Testing procedure
In a one-dimensional compression test the specimen is deformed along one axis (in this case ε x ), while deformations in the other two directions are kept at zero (ε y = ε z = 0). To achieve this in mac 2T , the load was applied in the x-axis under load control (∆ σ x /∆t), while the other two axes were kept under strain control, maintaining zero deformation (∆ ε y /∆t = ∆ ε z /∆t = 0).
All tests were performed by following the same sequence:
(1) Contact loading: (i) the y-axis and z-axis platens were loaded to 7 kN (this load was supported by the xaxis platens, see Figure 3 ); (ii) the specimen was loaded to 7 kN (2.8 MPa) along the x-axis; (iii) the y-and z-axes were switched to displacement control, and all rates set to zero. potential hysteretic behaviour and to provide data for calculating the unloading stiffness at different stress levels.
(4) Unloading: (i) σ x was reduced until it was equalised with the two minor stresses (points 8-9), and (ii) all stresses were reduced to zero, so that the sample remained intact for further study (points 9-10).
The higher strain rates of 10 −3 s −1 in the initial stages of the tests were chosen to reduce the testing time to about 50 minutes, assuming that they were sufficiently low, compared to the dynamic rates of 10 3 s −1 , to be considered as static. At higher stress levels the strain rate reduced to below 10 −4 s −1 (points 5-6 and 7-8 in Figure 4 ). The sensitivity of the stress-strain behaviour to variations in quasi-static loading rates was investigated in a test where the stress in the cycling stage was applied at 250 MPa min −1 . The stress-strain curve was identical to those in the tests where the specimen was loaded at 60 MPa min −1 .
Dynamic experiments
The split Hopkinson pressure bar (SHPB) consists of two long, cylindrical steel bars held in linear bearings with the sand specimen placed between them. The bars and the steel confining ring are fitted with strain gauges so that, when the system is struck from one end by a steel striker bar fired from a gas gun, the stress pulse travelling through the system can be recorded and information on the response of the test specimen obtained. A schematic of the rig is shown in Figure 5 , noting the positions of the strain gauges and the naming convention for the bars. The incident and transmitter bars are each 25 mm in diameter and 1500 mm in length, while the striker bar is 25 mm in diameter and 400 mm in length. Strain gauge data was recorded with a TiePie rate of 781.25 kHz.
Dynamic test methodology
Specimen preparation
As in the quasi-static tests, dynamic tests were carried out with dry sand and sand with moisture contents of 2.5% and 5.0%. Because of the small size of the sand specimens used (3.5 g dry mass), larger wet samples (∼50 g) were produced to the required moisture content from which the smaller mass was then extracted. This ensured that the moisture content could be controlled accurately.
Sand specimens were held in an En24T steel confining ring with a 25 mm internal diameter and 35 mm external diameter over a length of 5 mm, as depicted in Figure 6 . On each side of the ring 1 mm thick locating flanges aided positioning on the pressure bars and prevented soil loss. A strain gauge located on the outside surface of the ring enabled the circumferential strain of the ring to be measured and, using thick walled pipe theory, the average internal pressure in the sample could be related to the circumferential strain using the expression
where P i is the internal radial pressure exerted on the specimen by the confining ring, E is the Young's modulus of the ring, ε θ is the circumferential strain measured on the outside of the ring and R o and R i are the outer and inner radii of the ring respectively [18] . For the current arrangement, P i = 0.48Eε θ . It is important to note that the length of the sand specimen changes significantly during the test, typically by up to 30%. To take this into account, the average internal pressure deduced from the circumferential strain was factored by the length of the confining ring (5 mm) divided by the varying sample length to obtain the radial pressure acting on the shortened length of sample. This test setup allowed both axial and radial stresses and strains within the sample to be recorded, and the one-dimensional nature of the test conditions to be verified. The position of the strain gauge changes relative to the mid-point of the specimen during the test, as the incident bar end of the specimen begins to deflect while the transmitted bar end is still stationary. Assuming that the confining ring is stationary throughout the specimen loading, in a representative test the centre of the specimen moves approximately 1.0 mm relative to the strain gauge. The wall thickness (5 mm) of the confining ring has the effect of spreading a load applied to one surface over a larger area on the other, so that the measurement of radial stress at the strain gauge may be an average over a length of several millimetres inside the ring. As a result, the movement of the specimen relative to the strain gauge will have a reduced effect, and the stress measured by the gauge should be representative of the stress experienced by the sand specimen.
To load a sand specimen into the gauged ring, the transmitter bar was placed into a purpose-made jig which ensured that the end of the transmitter bar was flush with the inside edge of the non-flanged part of the ring.
gauged ring, and the 3.5 g sand sample carefully poured into the ring and tamped down using a short length of bar. A second foil disk was placed on top of the soil sample and also tamped down, then secured to the confining ring using a very small amount of cyanoacrylate adhesive, confining the sample. During the test, the strength and mass of the foil could be considered to be negligible. The transmitter bar was carefully removed from the jig and placed horizontally in a set of linear bearings, and the specimen in the gauged confining ring brought into contact with the incident bar ready for testing.
In previous tests using a confining ring, the length of the sample was found by measuring the distance between a pair of dots marked onto the bars using an awl [19] . Using digital callipers, the distance could at best only be considered as measured to the nearest 50 µm, as the dots themselves had a non-trivial diameter, and the method relied on consistently lining the callipers up to the exact same point. It was noted that the processed data was particularly sensitive to the recorded pre-test length of the specimen: a ±50 µm tolerance in the measured length results in a ±0.04 Mg m −3 error in density measurements.
In the current tests, the incident and transmission bars were each marked with a pair of perpendicular lines by using a sharp blade, as shown in Figure 6 . The distance between the inside edges of these lines was then measured using a travelling microscope fitted with a digital dial gauge, which is shown in Figure 7 .
While the lines themselves had a width of about 500 µm, the microscope enabled measurements to be taken between the same points consistently which, along with ±1 µm accuracy offered by the digital dial gauge, allowed measurements to be taken within ±10 µm. The thickness of the foil discs, 20 µm in total, was taken into account after the measurement was taken.
Testing procedure
Stress pulses were applied using a striker bar fired by a gas gun, which was set up in a consistent manner to ensure a similar peak axial stress and strain rate in each test. The gas gun was fitted with a brass diaphragm and a nylon piston: the piston was inserted 100 mm into the barrel so that the striker could be launched from the same point and accelerated to consistent impact velocity. Typical histories of stress and strain in the dry SHPB This setup provided peak axial stresses in the specimen of approximately 400 MPa. The strain rate in the specimen typically fell from 4800 s −1 at the start of loading to 1000 s −1 at the maximum stress, resulting in a mean strain rate of 2300 s −1 . The strain rate imposed on the specimen is a function of both the magnitude of the loading pulse and the stiffness of the specimen. For materials whose stiffness varies by small but significant amounts over the range of stresses to which they are subjected in SHPB tests, it is possible to use specificallyshaped input stress pulses to attempt to ensure that the strain rate is kept more or less constant during the loading. However, for the highly-compressible sand under investigation in this study, the stiffness varies by around an order of magnitude over the duration of the SHPB test. Whilst pulse shaping techniques for material as compliant as this may be possible in theory, they have not been reported in practice. Furthermore, since the intention of this work is to identify first-order differences between 'quasi-static' and 'high-rate dynamic' Table 5 : Theoretical saturation ratios at the initial dry density and the peak dry densities achieved in the SHPB and mac 2T tests, varying with moisture content.
loading rates, we are prepared to accept the variation in strain rate shown in Figure 8 , noting that it is six orders of magnitude higher than that applied in the quasi-static tests.
Data from the quasi-static mac 2T tests was readily converted into stress-strain data for further examination. In the SHPB tests the response of the sand specimen was calculated using one-dimensional elastic wave propagation theory, which is well reported elsewhere and will not be repeated here [20] . One-dimensional conditions were assumed, and the strains recorded in the steel confining ring confirmed that this assumption was valid: the maximum radial strain in the sand specimen was 0.05%, compared to axial strains of over 30%.
Dry density is used to compare test series rather than bulk density, as tests with higher moisture contents would otherwise automatically appear to be less stiff on account of the extra mass increasing the bulk density.
As there is no record of the changing mass of the specimen, use of bulk density would also be inaccurate if any pore water is lost. This is shown schematically in Figure 9 , where the dry density increases with stress until all pores are removed and the density is that of the quartz mineral. At this point the ratio of void volume and solid volume, the void ratio, e, reduces to zero. Over the same stress range the bulk density is proportionally larger than dry density until the sand reaches full saturation and pore water begins to be drained, reducing both the moisture content and mass of the specimen and causing the bulk density to approach the dry density at e = 0.
An assumption of constant mass while using bulk density leads to erroneously large values at full saturation.
Axial stress-dry density and mean stress-dry density data are presented in Figures 11 and 12 for the quasistatic and dynamic tests. All of the specimens tested follow the expected pattern for sands in one-dimensional compression: at low stresses the particles in the sand roll and slide over each other into a denser configuration, and then as the voids are filled this compaction mechanism becomes more difficult and a stiffening or 'lock up' response is observed. At higher stresses individual sand particles are crushed, allowing further particle rearrangement and an even denser configuration. The change from one compression mechanism to another is gradual so that the material stiffens smoothly over the full stress range [21] .
Elastic unloading/reloading moduli for the mac 2T tests are shown in Table 4 . Bulk modulus increases when unloading from the higher stress state of the second unload/reload cycle, and also increases with an increasing moisture content. The relatively low moisture contents used in the sand specimens meant that the initial saturations were also low, and so none of the sand specimens tested using the SHPB became fully saturated during testing (see Table 5 ). As a result, the rapid stiffening of soil responses associated with loading of pore water was not observed. Saturation of the sand specimens is expected to occur at a dry density of approximately 2.35 Mg m −3 at a moisture content of 5.0%, and so these specimens will have reached full saturation towards the end of the high-pressure quasi-static tests. As the quasi-static tests were carried out in drained conditions, the excess water was simply expelled from the sample rather than sustaining additional load, as evidenced by droplets of water on the test box platens following the test.
Since the initial aspect ratios of the mac 2T and SHPB specimens were different, a quasi-static test was carried out on a shorter specimen to ensure that there were no significant size or friction effects, which would make it difficult to compare the quasi-static and dynamic test series. A specimen of dry sand was tested using the same procedure described in Section 4.2, except that 120 g of sand was used so that the initial length was approximately 30 mm rather than 53 mm, as this is the smallest length that can be tested using the steel test box. The results are compared with the standard specimens in Figure 10 , where the difference between the two aspect ratios is within experimental error, indicating that there are no significant size or friction effects between the mac 2T and SHPB tests. and SHPB tests (mean results). The curves are truncated at maximum stress for clarity.
Moisture effects
In the quasi-static tests the addition of water leads to a reduction in the stiffness of the sand specimen, with the 2.5% moisture content specimens behaving less stiffly than the dry specimens, and the 5.0% moisture content specimens less stiff than the 2.5% moisture content specimens. This is indicated by the higher densities achieved by the wet specimens for a given stress in Figures 11a and 12a . As reported by Martin et al. [8] , this reduction in stiffness is likely due to the lubricating effect of the water between the sand particles, reducing inter-particle friction and facilitating the rolling and sliding mechanism which leads to compaction.
In contrast, the dynamic SHPB tests show no significant change in stiffness with changing moisture content:
while the mean results in Figures 11d and 12d assumed that the main effect of moisture in the quasi-static tests is in aiding particle rearrangement by rolling and sliding, the lack of effect in the dynamic tests could indicate that the compression of the sand at higher strain rates is dominated more by particle crushing than by particle rearrangement; however, this contradicts previous work, such as that by Farr [13] , which showed that sandy materials exhibited less particle breakage at higher strain rates. An alternative explanation could be that at the higher strain rate the moisture does assist in the rearrangement of particles as in the quasi-static tests, but that another mechanism, such as localised loading of pore water, increases the stiffness of the specimen, resulting in little net change in stiffness. 6.2 Strain-rate effects
One-dimensional analysis
Much of the referenced work on strain-rate effects in soils has focused on recording axial stresses and strains, so that changes in soil stiffness were assessed using the constrained modulus, M, defined as
where σ x is axial stress and ε x is axial strain, and uniaxial strain is assumed. Figure 11 shows the relationship between axial stress and dry density, where the dynamically-tested specimens consistently exhibit an increase in stiffness over those tested quasi-statically. This is also indicated by the significant increase in secant constrained modulus for the dynamic tests in Figure 13a , which is particularly evident at low strains. The ratio of dynamic to quasi-static stiffness is greater for the moist sand due to the reduction in stiffness in the 2.5% and 5.0% moisture content mac 2T specimens. Moduli for the mac 2T tests are unavailable at small strains, as data was only recorded after each face of the test box had been loaded to 2.8 MPa.
It is noted that while the mac 2T tests were fully drained, the loading of the SHPB specimens more closely resembled undrained conditions, with little opportunity for the escape of pore air. The resulting compression of pore air contributes to the stiffness of the specimen at higher strains, but a calculation based on ideal gas behaviour in undrained conditions estimates that the compression of air observed at 2.1 Mg m −3 would require an additional pressure of 190 kPa, a small fraction of the 80 MPa mean increase in stress observed in the dry sand at 2.1 Mg m −3 compared to the quasi-static tests.
In the SHPB tests, the small specimen size and the random particle packing of a loose sand generates a certain level of variability in the results, however the quasi-static and dynamic test results in Figure 11c do not overlap except during the later part of the pulse where the series begin to converge. This convergence is associated with the part of the SHPB test where the strain rate has reduced from 4800 s −1 to approximately 400 s −1 , as seen in Figure 8 . Similarly, the peaks in constrained modulus at strains below 0.1 correspond with the peak strain rates in the tests.
Three-dimensional analysis
While an apparent strain-rate effect is observed when considering one-dimensional stresses and strains, examination of the full three-dimensional stress state reveals a much reduced effect. This is clear in comparison of Figures 11d and 12d , where use of mean stress instead of axial stress causes the quasi-static and dynamic series to overlap. It becomes apparent that a comparison of constrained moduli is not sufficient to fully describe the effects of strain rate on the response of the sand, and so comparisons of bulk modulus are made by calculating
Poisson's ratio and Young's modulus for each specimen (Figures 13b, 13c and 13d ). Young's modulus and using the relationship
In the quasi-static tests, the calculated Poisson's ratios (Figure 13c ) for the sand specimens are initially 0.5 due to the hydrostatic pressure applied at the beginning of the tests, but then reduce to a constant value of 0.32-0.35 once one-dimensional loading is applied. In the dry SHPB tests, the apparent Poisson's ratio increases from zero to a mean value of 0.22, while the 2.5% and 5.0% moisture content tests appear to remain at zero for longer, increasing to a mean value of 0.16. The large initial fluctuations in Poisson's ratio in the dynamic tests are due to the stresses at that point being similar in magnitude to the signal noise.
The initial low radial stresses appear to be due to a radial inertial effect causing confinement of the specimen and reducing the stress measured at its surface. Such inertial effects have previously been identified in materials such as rock [22] and plain concrete [23] as the cause of apparent increases in material strength at high strain rates. When loaded axially at a high strain rate, the inertia of the specimen prevents immediate expansion in the radial direction, confining the specimen in a state of uniaxial strain. The resulting internal radial confining stress would increase the axial stress required to achieve a given strain, which could explain the increase in constrained modulus observed in the SHPB specimens.
The radial inertial confinement is released by a wave propagating from the surface of the specimen towards its centre. An annulus of material on the surface of the specimen is therefore first to accelerate radially, and so applies stress to the confining ring almost immediately on the arrival of the axial stress pulse. However, as this annulus is a small portion of the total specimen cross-section, this constitutes a tiny fraction of the radial stress which would be applied to the ring under quasi-static loading. As the release wave propagates inwards from the surface of the specimen, more and more of the specimen is permitted to accelerate radially and contribute to the stress in the confining ring. The measured radial stress on the specimen surface would therefore increase with time as the inertial confinement of the specimen is released and the radial stresses are transferred to the confining ring.
When the Young's moduli and Poisson's ratios are combined into bulk moduli in Figure 13d , the dynamic specimens exhibit a much smaller increase in stiffness over those tested quasi-statically: at a strain of 0.25 the dynamic specimens are 65% stiffer on average when considering constrained modulus, but only 30% stiffer when considering bulk modulus. The bulk moduli for individual dynamic tests also overlap with the quasi-static bulk moduli in several instances, so that the 'strain-rate effect' observed in comparison of constrained moduli is greatly reduced when the specimens' three-dimensional stress states are considered, as would be expected from observation of the stress-density data in Figures 11 and 12 .
Conclusions
Quasi-static one-dimensional compression tests on fine quartz sand were carried out to axial stresses of 800 MPa, alongside dynamic tests using a split Hopkinson pressure bar to axial stresses of 400 MPa. In both test series lateral stresses and strains were also recorded.
Between strain rates of 10 −3 s −1 and 10 3 s −1 a significant increase in axial stiffness was observed in dry sand, but this effect was greatly reduced when mean stresses were considered. The reduction in Poisson's ratio at higher strain rates suggests that the increase in axial stiffness is not due to an inherent strain-rate dependence, but rather is the result of increased confinement due to the radial inertia of the SHPB specimens.
Specimens were also prepared at moisture contents of 2.5% and 5.0%. In the quasi-static tests the specimens behaved less stiffly with increasing mositure content, while in the dynamic tests the addition of water had little effect on the overall stiffness, causing the quasi-static and dynamic series to diverge with increasing moisture content.
Further experiments on a variety of other soils are required to establish whether this is a general trend, but as many of the previous studies on soils at high strain rates, including those by Farr [13] and Song et al.
[3], presented only axial stress and strain results, this data highlights the importance of understanding the full three-dimensional stress state of the soil under transient loading conditions. The variation in radial stresses with strain rate also serves to warn against assumptions of consistent stress ratio with changing strain rate.
